In the filamentous fungus Aspergillus oryzae, there has been no report on photoreaction. Here we investigated the effect of light in A. oryzae and found that conidiation was repressed by white light. This reaction is contrary to that of other Aspergilli, which show abundant conidiation under light. Moreover, red light also caused reduced conidiation. Genome sequencing of A. oryzae indicated the existence of homologs of some light-related genes in other filamentous fungi. To approach the molecular mechanism of this photoresponse, the effect of red light on the expression level of several genes putatively responsible for conidiation or photoperception, i.e., brlA, a gene known to be required for conidiation, AofphA, the putative homolog of the A. nidulans phytochrome gene fphA, and AoveA, the putative homolog of the negative regulator gene in conidiation in A. nidulans, was examined. These three genes showed no significant response to red light at the transcriptional level. The results indicate that A. oryzae perceives and responds to red light in a manner independent of the transcriptional regulation of these genes.
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In Neurospora crassa, it has been reported that blue light triggers various developmental, morphological, and physiological responses. 1) Blue light stimulates asexual sporulation and regulates the development of protoperithecia. 2, 3) It also induces mycelial production of carotenoid pigment. 4) Additionally, N. crassa perceives blue light as a signal to entrain the circadian rhythm.
5)
The molecular mechanism of circadian rhythm has been investigated, and some major components such as White Collar Complex (WCC), acting as the blue light receptor and as the transcriptional factor, Vivid (VVD), also acting as the blue light receptor, and Frequency (FRQ), playing a central role in the circadian feedback loop by diminishing the activity of WCC, have been identified. 6) In Aspergillus nidulans, red light represses sexual development. That reaction is considered to be mediated by the veA gene, a major regulator of differentiation. 7) FphA (Fungal phytochrome A) has been identified as a red light receptor in A. nidulans.
8)
These successful studies of photoreaction in other filamentous fungi support the speculation that A. oryzae can also perceive various types of light with photoreceptors and show responses via light signal transduction pathways. Indeed, recent genome sequencing of A. oryzae indicates the existence of homologs of certain light-related genes in other filamentous fungi (Table 1) . 9) Light is a major environmental factor that should be considered to fix the conditions of fermentation. Hence it is important not only in basic terms but also industrially to clarify the effect of light on this fungus. In this study, with the wild-type strain RIB40 that has been used in genome sequencing, we investigated the effect of white and red light on A. oryzae.
Materials and Methods
Strains, media, and growth conditions. A. oryzae wild-type strain RIB40 was used. As industrially applied strains, four strains isolated in our laboratory that are used in the sake industry were used. NHG10, expressing H2B::EGFP, was used to count the number of nuclei. 10) Potato Dextrose (PD) agar plates (Nissui, Tokyo) were used in colony observation experiments. RT-PCR analysis. Mycelial pellets from 10 6 conidia cultured in a flask for 24 h were shifted to dishes, followed by incubation under continuous red light or under the dark condition. DPY liquid medium was used at both steps. After incubation for the respective times, mycelia were harvested and total RNA was analyzed by RT-PCR with each specific primer as follows: 
Results

White light represses conidiation
Conidia of RIB40 were point-inoculated on a PD agar plate and incubated for 7 d under the dark condition except for 1 min of white light irradiation per d (Fig. 1A) . The colony showed a circular stripe pattern alternately containing white rings and yellow rings. The white rings were conidia-poor mycelia (Fig. 1Aa) . On the other hand, the yellow rings were conidia-rich mycelia (Fig. 1Ab ). Since one set of these rings was gained per d, this stripe pattern was assumed to be formed due to the daily irradiations.
To investigate the effect of white light on conidiation, point-inoculated RIB40 on a PD agar plate was incubated under continuous white light for 5 d (Fig. 1B) . The diameter of the colony decreased slightly and the number of conidia formed in the colony fell as compared with the one incubated under the continuous dark condition (Fig. 1C, D) . The number of conidia formed under continuous white light was about 10-fold lower than under the continuous dark condition. This result indicates that white light represses conidiation.
Red light also represses conidiation
White light includes several types of light that have specific peaks at diverse wavelengths. This raises the question which type of light represses conidiation. To address this issue, we investigated the effect of a specific light, viz., red light (610 nm).
Point-inoculated RIB40 on a PD agar plate was incubated under continuous red light for 5 d (Fig. 2A) . The diameter of the colony decreased slightly and the number of conidia formed in colony fell as compared with the one incubated under the continuous dark condition (Fig. 2B, C) . The number of conidia formed under continuous red light was about 3-fold lower than that under continuous dark condition. Thus the effect of red light was similar to that of white light.
We also examined whether this reaction to red light is conserved in industrially applied strains. Four strains isolated in our laboratory that are used in the sake industry were incubated under continuous red light or the dark condition. Although three strains showed reduced conidiation under red light, the conidiation of one strain was slightly induced by red light (data not shown).
Expression of genes responsible for conidiation and photoperception
Repression of conidiation by red light as observed above indicates that A. oryzae has photoreceptors and signal transduction pathways to perceive and show responses to red light. To approach the molecular mechanism of this photoreaction, the effect of red light on the expression level of several genes responsible for conidiation or photoperception was examined (Fig. 3) . The brlA gene plays a central regulatory role in conidiophore formation in A. nidulans, possibly via regulating the transcription of other developmentally important genes. 11, 12) It has been reported that disruption of the brlA gene in A. oryzae results in loss of the ability to form conidiophores.
13) The A. nidulans fphA gene codes for a phytochrome protein that was first discovered in filamentous fungi. The fphA gene product serves as a photosensor and represses sexual development under red light. 8) veA is known to be a regulator gene of sexual and asexual development in A. nidulans. The veA gene regulates sexual development positively and simultaneously regulates asexual development negatively. 7) Moreover, it mediates the developmental light response. 14) Because the veA gene product does not show homology to any other protein, the regulatory system due to this gene is so far unknown in concrete detail. To determine whether the repression of conidiation by red light occurred via inhibition of the transcription of brlA, the expression level was analyzed by RT-PCR using specific primers (Fig. 3, upper left) , but no significant effect of red light irradiation on the brlA expression was detected.
The genome of A. oryzae contains only one gene that codes for a protein with homology to the fphA gene product. That gene, AO090001000178, shows 58% similarity to fphA in amino acid sequence. Additionally, the putative chromophore attachment site of A. nidulans fphA (Cys 195 ) is conserved. Expression of this putative homolog gene of fphA, named AofphA, was analyzed with specific primers (Fig. 3, upper right) . AofphA was continuously expressed both under red light and under the dark condition. No significant effect of red light irradiation on AofphA expression was detected.
The genome of A. oryzae contains only one gene that codes for a protein with high homology to the veA gene product. That gene, AO090001000237, displays 50% similarity to A. nidulans veA in amino acid sequence. Expression of this putative homolog gene of veA, named AoveA, was analyzed with specific primers (Fig. 3,  lower left) . AoveA was slightly expressed under both conditions. No significant effect of red light irradiation on AoveA expression was detected.
Discussion
Light is a major environmental signal that regulates growth and development and provides the energy for photosynthesis in various organisms. Plants sense light via photoreceptor proteins that bind to small chromophore molecules such as phytochromes, cryptochromes, and phototropins. Animals also perceive light as a signal with opsin, a photoreceptor protein binding to retinal chromophores in the retina. Although light also affects growth and development in fungi, the molecular mechanisms of photosensing are not well known in filamentous fungi other than N. crassa, which perceives blue light with a WCC photoreceptor complex containing flavin binding domains. 6) Recently, in A. nidulans, a fungal phytochrome, FphA, was identified as a red light receptor that putatively binds to biliverdin chromophores. 8) In Aspergillis spp., it has been found that development is affected by light. A. flavus, A. parasiticus, and A. nidulans grown under light produce 5-to 10-fold more conidia than those grown under dark. 15) However, in an industrially important fungus, A. oryzae, there has been no report on photoreaction. Hence we investigated the effect of light in A. oryzae, and found that conidiation was repressed by white light (Fig. 1) . This reaction is contrary to that of other Aspergilli, which show abundant conidiation under light. Moreover, red light also caused reduced conidiaion (Fig. 2) . It is likely that the photoreaction to white light is caused fundamentally by red light, since white light includes red light. The result that the effect of white light on conidiation was bigger than that of red light indicates that other light with different wavelengths than red light which are included in white light also showed effects on conidiation.
To approach the molecular mechanism of this photoreaction, the effect of red light on the expression level of several genes responsible for conidiation or photo- Mycelial pellets from 10 6 conidia cultured in a flask for 24 h under the dark condition were transferred onto dishes and incubated for given periods under continuous red light or under the dark condition. DPY liquid medium was used at all incubation steps. Liquid media had enough volume to prevent mycelia from being dried out or heated. Total RNA was isolated, and the expression of indicated genes was analyzed by RT-PCR with specific primer sets. The number above each lane indicates the culture time (h) on dishes after transfer of mycelial pellets. perception was examined. brlA, the regulatory gene necessary for conidiation, was expressed equally under red light and the dark condition (Fig. 3, upper left) . This indicates that transcriptional regulation of brlA is not involved in the red-light reaction. The gradational elevation of the expression level might be due to air exposure, which is necessary for conidiation.
The putative fungal phytochrome gene AofphA was constantly transcribed under both conditions (Fig. 3,  upper right) . This light-independent expression pattern is in agreement with the case of the N. crassa phytochrome genes phy-1 and phy-2.
16) The abundant expression and the high similarity to A. nidulans fphA suggest that AofphA is also functional, but still more study, for example investigation of general features of phytochromes such as reversibility brought by far red light-irradiation, is needed to reveal a role of this gene in red-light sensing.
The expression level of AoveA, the putative homolog gene to A. nidulans veA, also showed no significant change in response to red light (Fig. 3, lower left) . This result indicates that AoveA transcription is not affected by red light. The A. nidulans veA gene has been shown to regulate asexual conidiation negatively. On the other hand, it has been reported that deletion of the veA gene causes a reduction in conidiation capacity in A. parasiticus and A. fumigatus. 17, 18) Thus the veA gene appears to be a positive regulator of conidiation in these two Aspergilli. It is likely that it regulates conidiation in various manners among Aspergillus spp.
The effect of blue light (430 nm, 97.7 mmol m À2 s À1 ) was also examined. When point-inoculated RIB40 on a PD agar plate was incubated under continuous blue light for 5 d, it failed to form a visible colony (data not shown). RIB40 incubated in DPY liquid medium under blue light showed germination defects (Fig. 4A, B) . The number of nuclei did not increase normally under blue light (Fig. 4C, D) . Incubation under blue light caused loss of the ability to form a colony in a time-dependent manner (Fig. 4E) . This severe defect caused by blue light was not specific to the germination phase, because pre-incubation under the dark condition for 12 h did not rescue the ability to form a colony. These results indicate that the blue light used in this study caused a fatal defect in RIB40. Light of short wavelengths has huge energy and might be an extreme stress for fungi. The effect of blue light must be studied under milder conditions. This is the first report showing that A. oryzae can perceive and respond to various types of light. The finding of a significant relation between light perception and conidiation has important implications for industrial methods producing conidia of this fungus, called tanekoji, that are used in various fermentation industries.
Genome sequencing of A. oryzae indicated the existence of several light-related genes (Table 1) . Investigation of the molecular mechanism of photoreaction in this fungus through deletion analysis or other functional analyses of these genes should be valuable not only in basic terms but also industrially.
